Abstract -The Arabian-Nubian Shield evolved through a sequence of tectonomagmatic cycles, which took place during Neoproterozoic time (1000-540 Ma). Dyke emplacement constitutes one of the conspicuous features of the Arabian-Nubian Shield, with mafic dykes being the most abundant. The investigated dykes represent the youngest Neoproterozoic mafic dykes and have been dated in Jordan at 545 ± 13 Ma. Geochemically the studied dykes are mildly alkaline, are enriched in large ion lithophile elements (LILE) and high field strength cations (HFSC), show moderate enrichment of REE, and lack Nb anomaly. These features are consistent with a predominantly extensional continental tectonic setting. Crystallization temperatures of the suite fall between 1050 and 800°C to as low as 650°C as deduced from pyroxene thermometry. The investigated dykes were derived from a metasomatized lithospheric mantle by 5 % modal batch partial melting of phlogopite-bearing spinel lherzolite, according to geochemical modelling. The intra-suite geochemical features are explicable by 64 % fractional crystallization of olivine, pyroxene, plagioclase and titanomagnetite and possibly other accessories like apatite at a later stage. The cumulate produced from this fractionation of the investigated dyke suite contributed to the formation of the mafic lower crust of the Arabian-Nubian Shield. Elemental ratios and petrographic evidence indicate possible minor crustal contamination of the suite. The youngest mafic dykes show striking geochemical similarities to the same generation of dolerite dykes in the adjacent countries, to transitional young basalt suites of the Main East African Rift, and to Quaternary Jordanian basalts. The youngest mafic dyke suite, the rhyolites of the Aheimir suite, and St Katherina rhyolites of Sinai represent the last igneous activity in the Arabian-Nubian Shield before the onset of the Cambrian at about 545 Ma ago. *
Introduction
The Arabian-Nubian Shield formed during Neoproterozoic time (1000-540 Ma); it is considered one of the most voluminous events of juvenile crust formation and extends over an area of about 2 million square kilometres on both sides of the Red Sea (Bentor, 1985; Stern, 1994) . The major crust-forming events took place between 900 and 600 Ma and gave rise to voluminous calc-alkaline granitoids (e.g. Bentor, 1985; Jarrar, 1985; Stoeser & Camp, 1985; Stern, 1994) . The final stage (600-540 Ma) of cratonization was dominated by NW-trending strike-slip faults (the Najd fault system), strong extension which was accompanied by bimodal magmatic activity and the deposition of molasse type sediments (e.g. Stern, 1985; Jarrar, Wachendorf & Zellmer, 1991; Jarrar, Wachendorf & Saffarini, 1992) . A remarkable feature of this stage is the intrusion of dykes ranging from mafic to felsic including composite dykes with a distinct bimodality (e.g. Jarrar et al. unpub. data; Kessel, Stein & Navon, 1998) . Six episodes of mafic dykes have been described in Saudi Arabia (Greenwood, 1981) while a maximum of three phases are recognized in Sinai, Eastern Desert and South Jordan (Eyal & Eyal, 1987; Friz-Töpfer, 1991; Jarrar et al. unpub. data) , other than the three phases of syntectonic dykes (schistose dykes) mentioned by Eyal & Eyal (1987) . The latest of these events is the mafic dyke swarm which cross-cuts all basement rocks and is the only dyke generation which cuts the alkaline red granites (Jarrar et al. unpub. data, . Saffarini & Jarrar (1991 carried out geochemical and petrographical investigation of the investigated dyke suite in the area of Wadi Um Salab, Quweira area. They characterized these dykes as alkali within-plate basalts, which formed by 5-15 % partial melting of carbon-bearing peridotite, from a source with accessory amphibole and Fe-Ti oxides. The equivalents of the Jordanian youngest mafic dyke suite were classified as transitional between alkali basalts and tholeiites in the area of Timna (Beyth et al.1995) , and transitional to mildly alkaline in Southern Sinai (Friz-Töpfer, 1991) . Other authors classified these rocks as having tholeiitic character (Pudlo & Franz, 1994; Kessel, Stein & Navon, 1998) .
The widespread distribution of this suite of dykes implies that the mantle-derived magmas, which led to their formation, must have had regional proportions. Therefore a detailed study of petrogenesis of this suite may increase our understanding of the closing stage in the evolution of the Arabian-Nubian Shield. Major and trace element compositions as well as mineral chemistry of these dykes are discussed, and a regional correlation is offered.
Geological setting
The investigated dykes cut the Humrat and Mubarak granites and other alkali feldspar-and syenogranites, and the composite dykes in southern Jordan. The Humrat and Mubarak granites have been dated at 568 and 560 Ma, respectively (Brook, Ibrahim & McCourt, 1990) , and the composite dykes in Wadi Rahma have been dated at 575 ± 6 Ma (Jarrar et al. unpub. data) . One of the investigated dykes in Wadi Rahma was dated using the K-Ar technique at 545 ± 13 Ma (Jarrar, Wachendorf & Saffarini, 1992) . Beyth et al. (1995) obtained two K-Ar ages for two equivalent dykes from Mt Timna with an average of 543.9 ± 10.7 Ma. The same dykes gave a 40 Ar/ 39 Ar plateau age of 531.7 ± 4.6 (Beyth & Heimann, 1999) and are unconformably overlain by Cambrian sediments .The rhyolites of the Aheimir suite which also pre-date the Cambrian were also dated using Rb-Sr at 553 ± 11 Ma (Jarrar, 1992) . The Aheimir suite is the upper part of the volcano-sedimentary succession that conformably overlies the Saramuj Conglomerate. The ages of 600 and 595 Ma have been assigned to the latter (Jarrar, Wachendorf & Zachmann, 1993) . The rhyolites and the studied youngest mafic dykes are both truncated by the Cambrian/Precambrian Unconformity. Therefore, the 545 Ma age seems to be a reasonable estimate for this suite, which is in accordance with the suggested Precambrian-Cambrian boundary at 545 Ma (Tucker & McKerrow, 1995; Landing et al. 1998) .
The youngest mafic dykes are black to green coloured, range in thickness from 1-25 metres, trend NE to ENE, are medium-to fine-grained, and locally have phenocrysts of plagioclase, pyroxene and pseudomorphs after olivine. The dykes in the studied suite from the Jordanian-Saudi border in the south to Wadi Fidan in the north, share abundant pyrite dissemination that can be used to distinguish them from other mafic dykes. Moreover, the investigated dykes were found to be almost the only dyke generation intruding the younger red granites of the Humrat, Mubarak and the Feinan. Forty-two dykes from the dyke suite under consideration were sampled for the purpose of this investigation in the following areas ( Fig. 1 ): Wadi Shuraiyh (south of Aqaba), Wadi Yutum (east of Aqaba), the area south of Quweira (Wadi Um Salab, Jabal Marsad), Wadi Filk, Wadi Rahma and Jabal Mubarak.
Analytical techniques
Whole-rock major-and trace-element analyses were carried out using Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) at the Institut für Geowissenschaften of the Technical University of Braunschweig, Germany. Rare earth elements for three samples were determined after separation using the resin Ag50WX12 and Ag5WX8 sulphonated polystrene cation exchanger in hydrogen form following the procedure of Zachmann (1988) . The accuracy is between 0.5 and 1 wt % for the major elements and between 1 and 10 % for trace elements.
All mineral analyses of plagioclase, pyroxene, oxides and sulphides were performed on a Cameca Camebax electron microprobe at the Institute of Physical Chemistry and Electrochemistry, University of Hanover, Germany. Typical working conditions were 15 kV and 10 nA, with a beam size from 1-3 µm.
Petrography and mineral chemistry
The studied dolerites contain plagioclase, pyroxene, titanomagnetite and pseudomorphs after olivine (in the least evolved samples) as major phases. Minor phases include pyrite, alkali feldspar, apatite and quartz. The Quweira dolerites ( Fig. 1 ) contain three types of ocellar structures that have been interpreted as fractionated melt segregation into gas filled vesicles in addition to deuteric stage filling with secondary minerals . The following is a discussion of the major mineral phases of the investigated mafic suite.
4.a. Pyroxene
Clinopyroxene was found in these dykes. It displays different habits, ranging from phenocrysts to small grains interstitially distributed between plagioclase laths. It ranges from beige to slightly brown pleochroic crystals, which are rich in titanium. Occasionally the pyroxene occurs also as poikilitic plates (3-5 mm) enclosing plagioclase laths. Some of the clinopyroxenes display branching forms. Furthermore, some of the pyroxene microcrystals were found growing on quartz xenocrysts.
Analyses of representative pyroxenes are given in Table 1 . On the conventional Di-Hd-En-Fs pyroxene quadrilateral (Fig. 2a) they plot in the fields of augite and salite (Morimoto, 1988) . The contents of Al 2 O 3 and TiO 2 are similar to those in clinopyroxenes from the alkaline rocks (Leterrier et al. 1982) . On the plot Al 2 O 3 vs. SiO 2 (Le Bas, 1962 ) the ten pyroxenes fall in the field of alkaline basalts (diagram not shown). Furthermore, the clinopyroxenes plot in the field of alkali basalts on the Ti vs. (Ca+Na) discrimination diagram ( Fig. 3d) developed by Leterrier et al. (1982) .
A single pyroxene assemblage can be used to obtain minimum crystallization temperatures (Lindsley, 1983) . The analysed pyroxenes are plotted on Lindsley's pyroxene projection and yield crystallization temperatures between 1050 and 800°C; two pyroxene grains document temperatures as low as 700-600°C (Fig. 2b) .
4.b. Feldspars
Plagioclase is the main feldspar encountered in the studied dykes. Typically, plagioclase occurs as laths in the groundmass, 0.1-0.5 mm in size. In addition, phenocrysts up to 4 mm in length are common. The chemistry of the feldspars varies from andesine to labradorite (An 45 to 61 %). Feldspar compositions are shown in Figure 2c and representative analyses with their chemical formulas are given in Table 1 .
4.c. Opaques

4.c.1. Titanomagnetites
Titanomagnetite occurs as euhedral cubes, disseminated grains, skeletal and/or network grains and rarely as phenocrysts. Representative analyses with their chemical formulae are listed in Table 1 . The analyses are plotted on the FeO-TiO 2 -Fe 2 O 3 ternary system (Buddington & Lindsley, 1964) . All of the analyses fall on or close to the ulvospinel-magnetite tie-line (Fig.  2d) . The compositional range is Usp 37 Mt 67 to Usp 74 Mt 26 . Since ilmenite-hematite solid-solutions do not coexist with the ulvospinel-magnetite, the Fe-Ti geothermobarometric evaluation of the oxide phases cannot be applied.
4.c.2. Sulphides
Pyrite is the sole sulphide mineral in the investigated dykes. It is present as euhedral cubes and anhedral disseminated granular aggregates and as droplet-like grains in all investigated dykes. Some samples contain millimetre-thick veins of pyrite. Modal abundance of the sulphides ranges from a few grains to a large number of visible granules. The sulphur content of these dykes was determined for one of the localities to range between 100 and 1000 ppm . The analysed grains were found to consist of pyrite FeS 2 , along with a maximum of 0.22 % Cu, 0.18 % Zn, 0.21 % Ni and 0.31 % Co. Representative pyrite analyses are given in Table 1 .
Geochemistry
The whole-rock major and trace element geochemical data of 42 dykes are presented as averages and one standard deviation in Table 2 for the six sampling localities shown in Figure 1 . In addition, the data set comprises the full chemical data for representative samples and elemental ratios of petrogenetic significance discussed below. A complete data set of bulk and mineral chemistry is obtainable from the author upon request.
5.a. Classification
The great majority of the studied dykes fall in the field of basalts on the Total Alkali vs. Silica classification diagram ( Fig. 3a) of Le Maitre (1989) . Using the Total Alkali vs. Silica classification system alone, these dykes would be placed either in the alkaline or tholeiitic suites, depending on which dividing line is used.
The Macdonald & Katsura (1964) divider places almost all samples in the alkaline field while the Irvine & Baragar (1971) dividing line places the rocks into both alkaline and subalkaline fields. The presence of quartz xenocrysts jacketed by pyroxene microcrystals explains the appearance of quartz in the CIPW norms, which lends these rocks the tholeiitic character. On the normative colour index vs. anorthite content diagram the studied rocks plot in the field of alkali basalt (diagram not shown). For this reason, the high field strength cations (HFSC) classification schemes in addition to the chemistry of the pyroxenes are preferred. Diagrams involving the elements Zr, TiO 2 , Y, Nb and P 2 O 5 (Fig. 3b,c ) exclusively place the investigated dykes in the alkaline basaltic fields. Furthermore, the clinopyroxenes from these dykes are typical for alkali basalts. Based on the above classification schemes the studied dyke suite has an alkaline rather than a tholeiitic character in spite of the fact that many dykes are quartz normative. 110 (43) 70 (41) 14 (13) 20 (6) Primitive mantle (Sun & McDonough, 1989) The following trends are prominent: Al 2 O 3 and CaO decrease, while TiO 2 , total iron, Nb, Y, Zr and V increase with decreasing Mg no. Nonetheless, the total iron, TiO 2 , Nb and V increase until Mg no. of about 40 (which corresponds to MgO of 5 wt %) and then decline. The trace element variation patterns are consistent with those of the major elements (e.g. Nb, Y, and V compared to TiO 2 and total iron). The major element variations of the investigated dykes suggest that fractional crystallization may have played an important role in producing the observed chemical features. In this regard an Mg phase is one of the possibilities, although only pseudomorphs after olivine are present in some samples of the Shuraiyh locality (Fig. 1) .
The compositional trends furthermore call for fractionation of a calcic mineral. Since the investigated dykes contain occasional plagioclase phenocrysts, this mineral is a candidate. Observed decrease in Al 2 O 3 supports fractionation of plagioclase. The Al 2 O 3 trends flatten at Mg no. 40-30 and start to increase at lower Mg no.
A noticeable decrease in Al 2 O 3 contents is expected after 40-50 % of plagioclase removal (Albaréde, 1992) . The role of plagioclase fractionation is also supported by the smooth decreasing trends of Sr/La vs. SiO 2 (see Section 7; Fig. 9 ).
The fractionation of olivine and plagioclase alone cannot explain the observed trends. CaO/Al 2 O 3 vs. SiO 2 variations (see Fig. 9 ) show that the fractionation of a combination of phases with CaO > Al 2 O 3 is required. Clinopyroxene is an obvious good choice. Titanaugite is present in the phenocrystal assemblage as well as an abundant phase in the groundmass.
The steady decrease in Ni with differentiation is consistent with the removal of olivine, whereas the decreasing Cr content can be accounted for by removal of clinopyroxene. The Nb, Zr, V, and Y are relatively well constrained and show almost two-fold increases with decreasing Mg no.
Chondrite-normalized REE patterns for three samples are presented in Figure 5 and the REE data are listed in Table 2 . The REE patterns of the three sam- (Winchester & Floyd, 1977) . (c) P 2 O 5 vs. Zr discrimination diagram (Winchester & Floyd 1977) . (d) Ti vs. (Ca + Na) discrimination diagram for clinopyroxenes in the investigated dykes (Leterrier et al. 1982) . Clinopyroxene compositions are expressed in cations per six oxygens.
ples display an increasing slope with differentiation (La/Yb)n = 4.8 and 8.1 for Mg no. of 57 and 38, respectively. Consequently, the original magma with Mg no. > 57 should have had (La/Yb)n < 4.8. This suggests the absence of residual garnet in the melting source. Furthermore, the three patterns are parallel and show a progressive increase in the ∑REE with differentiation, that is, ∑REE is 87, 102 and 169 ppm for Mg no. of 57, 48 and 38, respectively. Furthermore, the patterns show a slightly positive Eu anomaly (Eu/Eu* = 1.05-1.15) that is indicative of very minor plagioclase accumulation in the most primitive sample (Mg no. 57).
Multi-elemental 'spider-diagrams' are particularly useful for comparing the geochemistry of the investigated dykes with other dyke suites from adjacent countries and from the same tectonic setting. A primitive mantle-normalized spider-diagram for the range and average of the studied dykes is shown in Figure 6a . Slight negative anomalies at Zr and K are evident, although when the average of the whole suite is plotted (Fig. 6a) a slight depression at Zr and prominent P spike can be observed. Similar plots for presumably equivalent dykes in the Wadi Feiran, southern Sinai (Friz-Töpfer, 1991), Mt Amram (Kessel, Stein & Navon, 1998) and Mt Timna (Beyth et al. 1995) (Fig.  1a) areas are also drawn for comparison (Fig. 6c) . These dykes share similar patterns with the studied suite. Alkali basalts, ferrobasalts from the southern Gregory Kenya Rift (Baker et al. 1977) , transitional basalts from the bimodal Naivasha volcanic field, Kenya rift (Macdonald et al.1987) and Quaternary alkali basalts from Jordan (Al-Malabeh, 1994; AlDajani, unpub M.Sc. thesis, Univ. Jordan (Amman), 1995) are plotted in Figure 6d . The similarity between the patterns displayed by the studied dykes and the Kenya rift alkali and transitional basalts is striking. All plots lack the Nb trough, which is otherwise present in the older generations of dykes in southern Jordan and the adjacent areas. The lack of Nb depression indicates negligible crustal contamination (Wilson, 1989) .
Tectonic setting
Assuming that each tectonic environment invokes a diagnostic geochemical signature (e.g. Pearce & Norry, 1979; Mullen, 1983; Meschede, 1986; Wilson & Versfeld, 1994) , the compositions of the studied dykes are plotted on a variety of tectonic discrimination diagrams designed to classify basaltic rocks on the basis of their minor and trace element contents. On the triangular diagrams as well as binary plots (Fig. 7) involving the HFSC, which are considered immobile during low temperature alteration, the investigated dolerites show the geochemical signature of withinplate basalts (Fig. 7d) , within plate alkali basalts (Fig.  7a) , and continental flood basalts (Fig. 7b,c) . The overwhelming evidence for the tectonomagmatic environment in the Arabian-Nubian Shield during the intrusion of these dykes indicates strong extensional tectonic regime and the absence of subduction related features. This may be related to the development of a passive margin on the northern flank of Greater Gondwanaland at this time (Stern, 1994) .
Petrogenesis
The following arguments are used to put constraints on the source of partial melting. First, the flat patterns of the REE, as pointed out above, indicate the absence of a residual garnet from the source area of the magmas. Second, investigations on mantle xenoliths from Cenozoic basalts associated with Red Sea rifting help select the suitable mineralogy of the mantle source (El-Sharkawi, 1982; Henjes-Kunst, Altherr, & Baumann, 1990; Stein, Garfunkel, & Jagoutz, 1993) . A metasomatized lithospheric mantle source of phlogopite-bearing spinel lherzolite is selected. The composition of the modelled mantle source is taken as olivine : orthopyroxene : clinopyroxene : spinel : phlogopite = 65 : 20 : 10 : 4 : 1. The concentrations of Cr, Ni, Ti, Y, Zr, P and REE are similar to the primitive mantle (Sun & McDonough, 1989) compositions whereas concentration of the large ion lithophile elements (LILE) and Nb are taken as twice the primitive mantle compositions. The input data and results of the modal batch partial melting are shown in Table 3 . The 1, 5 and 10 % partial melts along with the least evolved sample (SH-5) and the mantle source are shown on the multi-elemental compatibility plot and chondrite-normalized plot (Fig. 8) . The figure shows that the plot of least differentiated samples fits that of the 5 % partial melt. The deviations are attributed to uncertainties in the selection of partition coefficients and the composition of the source. The Ni and Cr contents of the modelled 5 % partial melt are higher than the observed concentrations of 92 and 190 ppm, respectively. Accepted criteria for primary basaltic magma according to Clague & Frey (1982) are Mg no. greater than 65 and high nickel contents > 235 ppm. None of the investigated dykes fulfils this requirement. However, the samples with Mg no. of 57 and Cr and Ni concentrations of 190 and 92, respectively, can be considered as the most primitive and best approximating the primary magma of this suite. A minor amount of olivine and clinopyroxene fractionation of the primary magma (not encountered in the suite) could have brought about the observed drop in Ni and Cr from 178 to 92 and 364 to 190, respectively. Adding about 8 % forsterite-rich olivine to the most primitive sample (Mg no. = 57) would raise the Mg no. of this sample to 65.
To summarize, the primitive melts that gave rise to the investigated suite were derived from possibly a phlogopite-bearing spinel lherzolite mantle source by a low 5 % modal batch partial melting.
The intra-suite elemental variations can be best explained by fractional crystallization for reasons presented below. Chondrite-normalized REE (Sun & McDonough, 1989) plot for the modelled partial melts, the least-evolved sample and the source rock.
On the Al 2 O 3 /TiO 2 vs. TiO 2 (Fig. 9 ) the samples define a curved continuum with most primitive sample (Mg no. = 57) having the highest ratio and lowest TiO 2 content. According to Sun & Nesbitt (1978) this indicates that the plotted samples belong to one magma type. Sr/La forms a smooth decreasing trend with decreasing Mg no. (Fig. 9) , indicating plagioclase controls the fractionation of these elements. The plot of TiO 2 vs. FeO/MgO (Fig. 9) shows an increasing trend with an inflection at a TiO 2 content of about 3.4 and Mg no. of 40 (FeO/MgO of 2) indicating the onset of titanomagnetite fractionation. To quantify the effects of fractional crystallization, major element leastsquares calculations using the XLFRAC software of Stormer & Nicholls (1978) were carried out. The fractionation was computed from sample SH-5, the most primitive, to sample SJ-3, the most evolved, which have Mg no. of 57 and 27, respectively. The results are shown in Table 4 , and a relatively good fit between calculated and observed major element compositions is evident (∑r 2 =0.69). The composition of the cumulate rock, which was produced from fractional crystallization, is also shown and it is compared to the modelled weighted average of the lower crust of the ArabianNubian Shield (McGuire & Stern, 1993) . The observed differences are accounted for by the lower crust of the Arabian-Nubian Shield having been formed due to fractionation of mantle-derived magmas during the whole period of the Pan-African Orogeny. Least-squares modelling of major elements shows that the magma having the composition of sample (SH5) must have crystallized about 64 % Ol + Cpx + Plag + Titmag to produce the most evolved composition (SJ3), assuming that fractionation was the only operating differentiation mechanism. In order to test the validity of the major element modelling, trace and rare earth element modelling were also attempted. The fractionated phases were used in the proportions deduced from major element modelling, that is, the 64 % solids recalculated to 100 would give the ratio olivine : clinopyroxene : plagioclase : titanomagnetite = 18 : 11 : 64 : 7. These ratios were used for the calculation of bulk distribution coefficients of the modelled elements. The Rayleigh fractional crystallization equation (Arth, 1976) has been used and F was taken as 0.36, C 0 and C l the elemental concentration in the most primitive sample SH-5 and most differentiated sample (SJ-3), respectively. There is good agreement between observed and modelled concentrations (Table  5 ; Fig. 10 ). Deviations are also present but these are within the analytical error of trace elements. Zr is as much as 30 % lower than the observed value. Other accessories could have also played a minor role in the geochemical evolution of the investigated dykes. Beyth et al. (1995) on the dykes of Timna. Distribution coefficients are from the compilation of Rollinson (1993) and from the Geochemical Earth Reference Model (GERM). Co is composition of the source. Cr, Ni, Ti, Y, Zr, P and REE are similar to the primitive mantle compositions (Sun & McDonough, 1989) whereas the LILE and the Nb are taken as twice the primitive mantle.
The scarcity of primitive magmas and the strong evidence for large-scale fractional crystallization suggest that large volumes of mafic and ultramafic cumulates must have been produced during the evolution of this suite. McGuire & Stern (1993) calculated a mafic lower continental crust for the late Precambrian ArabianNubian Shield on the basis of geochemical and isotopic investigation of granulite xenoliths from western Saudi Arabia. Furthermore, they suggested that the formation of this crust was caused by fractionation of mantle-derived magmas to produce the felsic and intermediate upper crust and mafic cumulates lower crust. Compositions of the magmas and the phases are normalized to 100 %. Parent is the most primitive sample of the suite (SH-5, Mg no. 57); daughter is the most evolved sample of the suite (SJ-3, Mg no. 27). Ol -olivine; Cpx -clinopyroxene; Plag -plagioclase; TitmTitanomagnetite. The cumulate is calculated from the fractionated minerals and their percentages relative to the initial magma. LCANSWeighted average of the lower crust of the Arabian-Nubian Shield (McGuire & Stern, 1993) . FeO* -total iron. Chemistry of minerals is from Table 1 and the olivine values from literature.
The constancy of incompatible element ratios in a given suite is strong evidence that fractional crystallization has been the predominant process in the evolution of a particular suite. The ratios of the LILE and HFSC for the studied dykes are listed in Table 2 along with those for the upper continental crust, lower continental crust, and the lower crust of the Arabian-Nubian Shield. The majority (75 %) of these ratios cluster around the average and most of these ratios approximate upper crustal values. However, some ratios increase with decreasing Mg no. (e.g. Zr/Y); other ratios (e.g. Y/Nb; Zr/Nb, La/Nb; Ba/Nb) increase just when fractionation of titanomagnetite starts (at Mg no. 40), due to the removal of Nb. Ti/Zr starts to decrease at the same Mg no. also due to the separation of titanomagnetite. K/Rb values, however, show an erratic increase. Figure 9 shows that the K/Rb increases at different Mg values. This can be explained by the assimilation of lower crustal material, which has high K/Rb ratios ( Table 2) .
Conclusions
The last stage of Pan-African evolution of the Arabian-Nubian Shield (~600-540 Ma) was marked by extension and emplacement of several generations of dykes. Three of these are clearly identifiable in Jordan, and up to six phases elsewhere in the shield according to Eyal & Eyal (1987) . The youngest generation defined here as the Youngest Mafic Dyke Suite has been studied over almost the whole basement complex of south Jordan. The following conclusions can be drawn from this investigation:
(1) The investigated dyke suite represents the youngest mafic Neoproterozoic dyke activity in the Arabian Shield dated before the onset of Cambrian time at 545 Ma.
(2) This dyke generation has a dominant trend of NE to ENE and attains a thickness of up to 25 metres. It is, moreover, characterized by the presence of pyrite and by being the only dyke generation cross-cutting the alkali feldspar and syenogranites of the Humrat suite (dated at 568 Ma) throughout the whole basement complex.
(3) The crystallization temperatures of this suite range mainly between 1050 and 800°C, as deduced from single pyroxene thermometry.
(4) Geochemically, the studied suite is mildly alkaline in nature, enriched in LILE, shows moderate enrichment of REE, and strong enrichment of HFSC, and lacks Nb anomaly. These features are consistent with a predominantly extensional continental tectonic setting without any sign of subduction-related features.
(5) The geochemical modelling suggests the derivation of this suite from a metasomatized lithospheric mantle by 5 % modal batch melting of phlogopitebearing spinel lherzolite.
Neoproterozoic mafic dyke suite, Jordan 321 Figure 10 . Primitive mantle-normalized plot of the modelled trace elements (Table 5) . Normalizing values are from Sun & McDonough (1989) . Distribution coefficients (KD) for olivine and clinopyroxene are similar to those in Table 3 . Distribution coefficients are taken from the compilation of Rollinson (1993), from GERM, and McBirney (1984) . D (bulk distribution coefficient) was calculated for the fractionated mineral assemblage in Table 4 . The observed REE concentrations are for sample SJ-4. Plag -plagioclase; Titm -titanomagnetite.
(6) The intra-suite geochemical variations can be best explained by Rayleigh fractional crystallization of about 64 % of a combination of olivine, clinopyroxene, plagioclase and titanomagnetite.
(7) The fractionated mineral assemblage gave rise to a cumulate in the lower crust and/or crust mantle boundary, which contributed to the formation of the mafic lower crust of Arabian-Nubian Shield as it has been modelled by McGuire & Stern (1993) .
(8) Elemental ratios and petrographic evidence indicate crustal contamination, although not significant, of the investigated dykes.
(9) The investigated dykes show striking similarity to the time-equivalent dykes from the Elat and Mt Timna areas and the S-2 dyke generation of the Wadi Feiran of south Sinai, the transitional to mildly alkaline basalt of the East African Rift system, and the Quaternary Jordanian basalts.
